Stereochemical control of DNA biosynthesis was studied using several DNA-synthesizing complexes containing, in each case, a single substitution of a 2′-deoxy-D-nucleotide residue by an enantiomeric L-nucleotide residue in a DNA chain (either in the primer or in the template) as well as 2′-deoxy-L-ribonucleoside 5′-triphosphates (L-dNTPs) as substrates. Three template-dependent DNA polymerases were tested, Escherichia coli DNA polymerase I Klenow fragment, Thermus aquaticus DNA polymerase and avian myeloblastosis virus reverse transcriptase, as well as template-independent calf-thymus terminal deoxynucleotidyl transferase. Very stringent control of stereoselectivity was demonstrated for templatedependent DNA polymerases, whereas terminal deoxynucleotidyl transferase was less selective. DNA polymerase I and reverse transcriptase catalyzed formation of dinucleoside 5′,5′-tetraphosphates when L-dTTP was used as substrate. Comparison between models of template-primer complexes, modified or not by a single L-nucleotide residue, revealed striking differences in their geometry.
INTRODUCTION
Stereochemical control of DNA biosynthesis and stereochemical preferences of the active center of different DNA polymerases are not clear yet. Some contradictions have been reported in the literature. In accordance with the main property of the active center of template-dependent DNA polymerases, their substrates (dNTP) have to bind by at least two separated parts of their molecules, namely the base, with formation of regular Watson-Crick pairs, and the triphosphate residue as reactive group. Therefore, guaranteeing a stringent stereospecificity of the multiple repeating process of DNA chain elongation has to correspond to stereochemical homogeneity of the DNA template, the growing DNA chain and dNTP substrates. This means that each of the components involved in the polymerization process should have nucleotide residues containing 2′-deoxy-β-D-ribofuranose. There is as yet no known data concerning the existence in cells of another stereoregular DNA analog (for example, with 2′-deoxy-β-L-, 2′-deoxy-α-D-or 2′-deoxy-α-Lribofuranose moities) and its synthesis by known DNA polymerases seems unlikely. Among the main reasons, one should mention the necessity of correspondence between the geometries of DNA polymerase active centers and 2′-deoxy-β-D-ribofuranose residues in dNTPs.
Nevertheless, studies over the past years in non-major limits have deviated from this paradigm. A large number of examples have demonstrated that several sugar-modified 2′,3′-dideoxy-β-L-ribonucleoside 5′-triphosphates (β-L-ddNTP) are bound by active centers of several DNA polymerases and corresponding L-nucleotide residues can be incorporated at the 3′-terminus of the primer DNA chain with kinetic constants rather similar to those of natural β-D-dNTPs (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . This molecular mechanism occurs in anti-HIV activity of (-)-β-L-2′,3′-dideoxy-3′-thiacytidine, a well-known drug for treatment of AIDS patients.
Conflicting results have been reported for unmodified β-L-dNTP. Some authors observed their limited incorporation in primer chains (1-3 nt residues) under catalysis by several DNA polymerases (11) whereas another group found no such incorporation for template-dependent DNA polymerases (12) .
We report here studies of the influence of a single substitution of an enantiomeric 2′-deoxy-β-L-nucleotide residue for a 2′-deoxy-β-D-nucleotide, either in the template or in the primer (Fig. 1 ) or in both, on the elongation of DNA chains when β-D-dNTP or β-L-dTTP are used as substrates. Reactions were catalyzed by DNA polymerase I, avian myeloblastosis virus (AMV) reverse transcriptase, calf thymus terminal deoxynucleotidyl transferase (TDT) and, in a separate experiment, Taq DNA polymerase. It is demonstrated that: (i) when the first nucleotide residue downstream of the primer site in the template is a 2′-deoxy-β-L-nucleotide, unmodified primer is extended neither with β-L-dTTP nor with β-D-dNTP; (ii) the primer with a 3′-terminal 2′-deoxy-β-L-nucleotide residue cannot be extended in the presence of the same substrates in complexes formed with either template containing one 2′-deoxy-β-L-nucleotide residue or natural template; (iii) templateindependent TDT extends the β-L-substituted primer for one or two steps in the presence of β-D-dNTP, but no elongation occurs in the presence of β-L-dTTP. These observations obviously illustrate the stringent stereochemical control of DNA biosynthesis catalyzed by template-dependent DNA polymerases.
MATERIALS AND METHODS

Chemicals
dNTP, rNTP and ddTTP were purchased from Boehringer Mannheim, d 4 TTP was synthesized as in Dyatkina et al. (13) and β-L-dTTP as in Semizarov et al. (12) . dT(5′-pppp-5′)dA (I in Fig. 7b ) was a kind gift of Dr A. Shipitsin (Engelhardt Institute of Molecular Biology, Moscow, Russia), [α-32 P]dATP and [γ-32 P]ATP (3000 Ci/mmol) were from Radiopreparat (Russia).
Enzymes and DNA
The following enzymes were used: Escherichia coli DNA polymerase I Klenow fragment and calf intestine alkaline phosphatase (Boehringer Mannheim); AMV reverse transcriptase (Promega); calf thymus TDT, T4 polynucleotide kinase and exonuclease III (Amersham Corp.); Taq DNA polymerase (Pharmacia Biotech); snake venom phosphodiesterase (Worthington).
Single-stranded M13mp10 phage DNA (Tp1, Fig. 1 ) was isolated from the culture medium of the recipient E.coli K12XL1 strain as described (14) . Oligonucleotides Tp2 and PrII were synthesized as in Blommers et al. (15) and PrI and PrIII were kind gifts of Dr S. Surzhykov (Engelhardt Institute of Molecular Biology, Moscow, Russia).
Tetradecanucleotide primers PrI, PrII and PrIII were labeled at the 5′-terminus using [γ-32 P]ATP and T4 polynucleotide kinase (16) with subsequent enzyme inactivation (10 min, 65°C). The appropriate template-primer complexes were prepared by incubation of 5′-labeled primers and corresponding templates in buffer (10 mM Tris-HCl, pH 8.0, and 5 mM MgCl 2 ) at 65°C for 10 min and cooling to 30°C for 60 min. Then they were purified by filtering through a Biogel A-1.5m 1 ml column in 10 mM Tris-HCl, pH 7.6, containing 1 mM EDTA, and were stored at -20°C for up to 20 days.
Complex Tp1:PrIV was prepared by incubation of complex TpI:PrIII with [α-32 P]dATP in a reaction catalyzed by DNA polymerase I under standard conditions. The complex was purified on a Biogel A-1.5m column as above.
Primer extention and pyrophosphorolysis assays for DNA polymerases, AMV reverse transcriptase and TDT For DNA polymerase I, the assay mixture (6 µl) contained 10 mM Tris-HCl, pH 7.9, 5 mM MgCl 2 , 1 mM DTT, 0.3 U enzyme, 40-50 nM template-primer complex and variable concentrations of substrates; the reaction was carried out for 15 min at 25°C. The pyrophosphorolysis reaction with the same enzyme was performed in a mixture (6 µl) containing 50 mM Tris-HCl, pH 7.9, 10 mM MgCl 2 , 50 mM KCl, 1 mM DTT, 0.8 U enzyme, 50 mM template-primer complex and 0.5-1 mM inorganic pyrophosphate (PPi); the mixture was incubated for 1-10 min at 25°C. For Taq DNA polymerase the assay (6 µl) contained 100 mM Tris-HCl, pH 9.0, 1.5 mM MgCl 2 , 50 mM KCl, 1 mM DTT, 0.5 U enzyme, 50 nM template-primer complex and substrates; the mixture was incubated for 30 min at 60°C. For AMV reverse transcriptase the assay (6 µl) contained 10 mM Tris-HCl, pH 8.2, 5 mM MgCl 2 , 40 mM KCl, 1 mM DTT, 3 U enzyme, 40-50 nM template-primer complex and substrates; the mixture was incubated for 30 min at 37°C. For TDT the assay (6 µl) contained 100 mM sodium cacodylate, pH 7.2, 2 mM CoCl 2 , 0.1 mM DTT, 2 U enzyme, 20 nM 5′-labeled primer and substrates; the mixture was incubated for 30 min at 37°C.
All reactions were stopped by adding 3 µl of deionized formamide containing 0.5 mM EDTA and 0.1% bromophenol blue and xylene cyanol. The products were heated at 100°C for 2 min and separated by electrophoresis in a 14-20% denaturating polyacrylamide gel. The gels were autoradiographed with Kodak RX films at -20°C.
Reactions catalyzed by alkaline phosphatase or phosphodiesterase
Reactions catalyzed by alkaline phosphatase (in 100 mM Tris-HCl, pH 9.2, 10 mM MgCl 2 ) contained, in a volume of 6-10 µl, 2-5 µM unlabeled substrates and 0.1 U enzyme (or 3-30 nM 32 P-labeled substrates and 0.001 U enzyme) were incubated for 2-15 min at 37°C. Reactions catalyzed by phosphodiesterase were carried out for 30 min at 37°C in a volume of 10 µl in the presence of 10 mM Tris-HCl, pH 8.6, 30 mM MgCl 2 , 3 mM KCl and 0.4 mM DTT under two conditions: with 2 µM unlabeled substrates and 0.5-1 U enzyme or with 5 nM 32 P-labeled substrates and 0.05 U enzyme. Both reactions were stopped by adding 1 µl of 0.5 M EDTA, pH 8.0, and heated at 100°C for 3 min. The reaction products were separated by chromatography on PEI Cellulose F plastic sheets (Merck) in 0.2 M potassium phosphate, pH 8.0, containing 10% ethanol.
Reactions catalyzed by exonuclease III
The assay mixture (volume, 6 µl) containing 5 mM Tris-HCl, pH 7.9, 10 mM MgCl 2 , 50 mM KCl, 1 mM DTT, 40 nM template-primer complexes (or 20 mM primers) and 6 U enzyme was incubated at 37°C for the indicated times. The reaction was stopped by adding 3 µl of deionized formamide containing 0.5 mM EDTA, 2% bromophenol blue and xylene cyanol, heated at 100°C for 2 min and separated by electrophoresis in a 14% denaturating polyacrylamide gel. The gels were autoradiographed with Kodak RX films at -20°C.
Computer calculations and figures of Tp1:PrI, Tp1:PrII and Tp2:PrI structures were performed with the program Hyper Chem 4.5.
RESULTS
M13mp10 DNA was used as the template in complexes Tp1:PrI, Tp1:PrII, Tp1:PrIII and Tp1:PrIV; the structure of its corresponding fragment is shown in Figure 1 . The template Tp2 in complexes Tp2:PrI and Tp2:PrII contains a single L-nucleotide residue at position 15. The primers in complexes Tp1:PrI, Tp2:PrI, Tp1:PrIII and Tp1:PrIV contain only D-nucleotides whereas in complexes Tp1:PrII and Tp2:PrII an L-nucleotide was present at the first position downstream of the primer site. Figure 2 depicts the results of primer elongation in complexes Tp1:PrI and Tp1:PrII catalyzed by AMV reverse transcriptase. As one can see from lanes 2-5, Series A, elongation of complex Tp1:PrI occured in accordance with the template structure and stopped at the first step when carried out solely in the presence of the chain terminators ddTTP and d 4 TTP (lanes 6 and 7). At the same time no primer elongation was observed in complex Tp1:PrII (Series B) in the presence of dNTPs at concentrations up to 200 µM (lanes 3-5) or in the presence of the terminating substrates ddTTP and d 4 TTP up to 100 µM (lanes 6-9). It should be mentioned that primer PrII contained insignificant impurities which did not change during the reaction (Series B, lanes 1-9). A similar absence of elongation was observed for complexes Tp2:PrI and Tp2:PrII (data shown in Table 1 ), thus the presence of an L-nucleotide residue at the 3′-terminus of a primer does not allow extension by AMV reverse transcriptase. Similarly, the primers in all the complexes were not extended with β-L-dTTP as the substrate.
Also, primers were not extended with dTTP or with mixtures of dTTP + dGTP or dTTP + dGTP + dATP in complexes Tp1:PrII, Tp2:PrI and Tp2:PrII when reactions were catalyzed by DNA polymerase I (Table 1) . Also, primer elongation in complexes Tp1:PrI, Tp1:PrII and Tp2:PrI in the presence of β-L-dTTP was not observed. A similar absence of chain elongation was shown for Taq DNA polymerase for complex Tp2:PrI (Table 1) . Results of TDT-catalyzed extension of the PrI and PrII oligodeoxynucleotides are shown in Figure 3 . As seen in lanes 2-5 (Series A), primer PrI is effectively elongated at a dNTP concentration of 5 µM to give extended products. At the same time, primer PrII is only extended by one or two units even at higher substrate concentrations (lanes 2-9, Series B). One can assume that the presence of an L-nucleotide may distort the primer 3′-terminus orientation and addition of the next one or two nucleotides enhances this distortion. As a result, complex PrII-enzyme is non-productive and elongation is terminated. In addition, the effectiveness of PrII elongation is affected by the nature of the substrate base (lanes 2-9, Series B). Both primers are elongated by one nucleotide residue in the presence of ddTTP, but in the case of PrII the elongation is less effective (lane 6, Series A versus lanes 10 and 11, Series B). Unlike for primer PrI, no extension of primer PrII by d 4 TTP was observed. The results obtained are summarized in Table 2 .
Comparison of primers PrI and PrII hydrolysis by E.coli exonuclease III (Fig. 4) shows a higher rate of removal of the 3′-terminal nucleotide residue for primer PrII (Series D) than PrI (Series C). Probably, in the case of primer PrII the phospho- Figure 1 for the structure of the template-primer complexes. diester link between the 3′-terminal and foregoing nucleotide residues (L-dTMP and D-dGMP, respectively) is more sterically accessible to exonuclease III than the analogous (D-dTMP)-(D-dGMP) link of primer PrI. Similar experiments for the Tp1:PrI (Series A) and Tp1:PrII (Series B) complexes did not show significant differences in the hydrolysis rate.
As one can see from Figure 5 , pyrophosphorolysis of primer PrII in the Tp1:PrII complex in the presence of PPi and DNA polymerase I did not occur (Series B, lanes 5-7), whereas for the Tp1:PrI complex this reaction was completed for one step and even a little more under the same conditions over 1-10 min (lanes 5-7, Series A). This means that the 3′-terminal L-thymidine residue in the Tp1:PrII complex cannot form a productive complex for the pyrophosphorolysis reaction.
Transfer of the 3′-terminal [ 32 P]deoxyadenylate from primer PrIV in complex Tp1:PrIV to L-dTTP catalyzed by AMV reverse transcriptase or DNA polymerase I is illustrated in Figure 6 . From comparison of lanes 10 and 17 with lane 2 as a control, a shortening of the primer is evident, one step of which is nearly completed at 500 µM β-L-dTTP. From comparison of lanes 5-8 and 12-15 it is obvious that other tested nucleoside 5′-triphosphates (dCTP and rCTP) do not elicit primer shortening. Analysis of the reaction product is presented in Figure 7a . At 50 (lane 6) and 500 µM (lane 7) β-L-dTTP, a concentrationdependent formation of a new radioactive compound with the same mobility (Fig. 7b) as that observed for chemically synthesized dinucleoside tetraphosphate dT(5′-pppp-5′)dA occured and we propose for its structure L-dT-pppp-dA (I). Formation of such a compound was not observed when dCTP was substituted for β-L-dTTP under similar conditions (lanes 2-4). For dTTP and rCTP, shortening of the primer and formation of new compounds were also not observed (data not shown). For comparison one can see results of the pyrophosphorolysis reaction for the Tp1:PrIV complex with PPi (lanes 8 and 9) . The structure of I was proved by direct comparison with a synthetic dT(5′-pppp-5′)dA sample. In addition, I was stable to hydrolysis by alkaline phosphatase and was hydrolyzed by phosphodiesterase. Under similar conditions, [γ-32 P]ATP was hydrolyzed by both enzymes.
DISCUSSION
All data shown in the study can be summarized as follows: (i) elongation of a primer with a 3′-terminal L-nucleotide residue is completely prevented for template-dependent DNA polymerases whereas it occurs in the presence of templateindependent TDT, but only for one or two nucleotide residues and at high dNTP concentrations; (ii) elongation of the primer is stopped just before the L-nucleotide residue in the template; (iii) L-dNTPs do not seem to be substrates for any of the seven template-dependent DNA polymerases studied by us here and previously (12) . Moreover, the orientation of the 3′-terminal L-deoxythymidylate residue in a primer being complexed with any template should be different from that of the natural D-deoxythymidylate residue in the same primer and prevents productive complex formation. This is obvious from the absence of pyrophosphorolysis of the PrII:TpI complex catalyzed by DNA polymerase I (Fig. 5) . Therefore, one may conclude that stereochemical control of DNA biosynthesis by template-dependent DNA polymerases is very stringent and excludes incorporation into the DNA chain or a stop of DNA synthesis by L-dNTPs possibly formed in cells.
Moreover, L-dNTPs are excluded from the reaction mixture by their conversion to dinucleoside 5′,5′-tetraphosphate (to L-dT-pppp-dA, I in our case) according to equation 1 in Figure 7b . A similar reaction does not occur in parallel experiments with nucleoside triphosphates non-complementary to the next nucleotide template residue dCTP, rCTP (Figs 6 and 7a) and dTTP (data not shown). The same results were found for AMV reverse transcriptase. When this paper was in preparation, a similar reaction for NppppN formation was published (17) . This reaction was catalyzed by three reverse transcriptases, namely from HIV, AMV and Moloney murine leukemia virus (M-MuLV); the primer in the initial complex was terminated by a ddAMP residue and ATP, its pyrophosphonate analogs, CTP, UTP, GTP, dATP, dCTP, dGTP, ddGTP and ADP were used as substrates in the pyrophosphorolysis reaction. These and our data demonstrate that, firstly, this reaction can be catalyzed by several DNA polymerases and, secondly, reverse transcriptase seems to be less specific towards triphosphate substrates in this pyrophosphorolysis reaction. It is more difficult to explain the biological significance of this reaction. In Meyer et al. (17) it was supposed that, in this way, the 3′-terminal nucleotide residue is removed in extreme cases, for example when termination of newly synthesized DNA chains takes place. In the case of L-dNTP, we speculate that DNA polymerases are capable of modifying L-dNTPs in such a way as to exclude them from competition with natural dNTPs.
Nevertheless, incorporation of 3′-modified L-nucleotide residues in primers has been well demonstrated (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Therefore one can propose that the C3′ OH in L-dNTPs prevents formation of a productive complex of L-dNTP in the DNA polymerase active center which seems to be critical for stereochemical control of DNA biosynthesis. Such an idea was put forward by us earlier (18) . The primer C3′ OH of the 3′-terminal L-nucleotide residue in complex Tp1:PrII is orientated differently than the C3′ OH in the Tp1:PrI complex; this is obvious from Figure 8a . The stacking between bases of the L-nucleotide residue and its neighbor in the 5′-direction of the template in the Tp2:PrI complex is significantly modified as compared with stacking between the corresponding D-nucleotide residues (Fig. 8b) . This hardly changes both primer and template chain geometry.
